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Introduction
Recently, cellular networks and wireless local and networks have been deployed in many places such as public places, homes, or offices. Due to the explosive growth of mobile traffic, mobile communications must offer larger capacities and higher data rates. Because the multiple-input multipleoutput (MIMO) technique can increase the data rates of wireless communications, many researchers have paid large attention to it in recent years [1] , [2] . The MIMO system transmits signals by using multiple transmit antennas and multiple receive antennas. Using multiple antennas increases system capacity and improves the reliability of a communication link through diversity [3] , [4] . However, since the sizes of smart phones are limited, the number of receive antennas in the MIMO system should be minimized while maintaining the same data rate.
Thus, overloaded MIMO in which the number of transmit antennas is more than that of receive antennas have been investigated [5] - [7] . In the receiver of the overloaded MIMO system, non-linear demodulation is applied to separate the received signal streams. Maximum likelihood detection (MLD), which calculates metrics for all candidate signal points, theoretically achieves the best performance. The per- formance of the overloaded MIMO is worse than that of MIMO with higher order QAM symbols for the same data rate if symbol-by-symbol detection is applied [5] . However, [5] also showed that the performance degradation owing to spatial signal multiplexing can be suppressed with the use of forward error correction coding. In [8] , a trellis code was used for signal separation. Since orthogonal frequency division multiplexing (OFDM) has not been applied in [8] , computational complexity increases significantly because the receiver treats each multipath component as a separate signal stream. Thus, [9] proposes a sphere decoding scheme in a trellis coded overloaded MIMO-OFDM system for detection complexity reduction. In [10] - [12] , block codes have been applied to overloaded MIMO-OFDM systems. Moreover, a repetition code as a forward error correction code is used in [13] to realize frequency diversity over a codeword on multiple subcarriers in OFDM.
On the other hand, if a feedback channel from a receiver exists, the other schemes such as beamforming or transmit antenna selection can be applied to mitigate channel fading. Beamforming is applicable if channel state information (CSI) is returned to the transmitter. However, it requires a large amount of feedback and in this paper it is assumed that only a limited amount of feedback suitable for transmit antenna selection is available. By choosing the transmit antennas that offer smaller propagation losses, the performance may exceed that of the overloaded MIMO system even though higher order modulation symbols that are less robust to terminal noise are employed to keep the same data rate. Many antenna selection schemes have been proposed [14] - [18] . The research in [14] proposed an antenna selection scheme based on the signal-to-noise (SN) ratio. The research in [15] has proposed an antenna selection scheme based on capacity or an error probability. The research in [16] has proposed antenna selection for MLD based on QR decomposition (QRD). The performance of the QR decomposition based antenna selection has been compared to that of the optimum selection. Among the semi-optimum schemes, it has shown the closest performance to the optimum. This paper presents the performance comparison of the overloaded MIMO systems with and without antenna selection. The antenna selection is carried out based on received signal power over a codeword. It is shown in this paper that the proposed antenna selection scheme achieves better performance than that of the QR decomposition based antenna selection. This paper also presents a trade-off between the received signal power over a codeword and the number of This paper is organized as follows. Section 2 explains the system model, and Sect. 3 presents simulation conditions and numerical results obtained through computer simulation. Finally, Sect. 4 concludes this paper.
System Model

MIMO System with Repetition Code
System Model
The block diagrams of a transmitter and a receiver are shown in Figs. 1 and 2 . M information bits are mapped to a 2 M QAM symbol on each subcarrier. It is assumed that a rate 1/L repetition code is applied and through interleaving the modulated symbols are distributed in a frequency domain. An inverse discrete Fourier transform (IDFT) is applied for OFDM and the output signal in a time domain is transmitted. Based on the feedback from the transmitter, N T out of N M antennas are selected to transmit N T signal streams. M is set to N M /N T times in order to keep the same data rate in the system with and without antenna selection. In the receiver, according to channel responses between the transmit antennas and the receive antennas, a set of transmit antennas is selected. Then, the information regarding the selected antennas is fed back from the receiver to the transmitter. Since no channel state information is available in the assumed system, equal power allocation to the selected antennas is applied. The received signals are decoded with joint ML decoding.
MIMO System with Repetition Code
The received signal model in the MIMO-OFDM system with a repetition code is shown in Fig. 3 . Because the repetition code is used, the i-th codeword from the p-th (1 ≤ p ≤ N T ) transmit antenna is given in a vector form with a size of
where X i p is a 2 M QAM symbol generated with M information bits. These symbols are multiplexed using OFDM with N D data subcarriers. Each symbol is assigned to one of N D /L subcarriers. That is, on the p-th branch for the i-th codeword, the index of the assigned subcarrier for the l-th coded symbol is given as
where F is the number of null subcarriers that are assigned on the channel edges. The OFDM signal of the p-th transmitter is given as
where S p [k] is the coded symbol on the k-th subcarrier of the p-th transmitter, n (n = 0, 1, ..., N − 1) is the time index, and N is the size of the IDFT. The last samples of the OFDM symbol is appended at the beginning as a guard interval. The time domain signal, u p [n], passes through a transmit filter in a baseband as
where x p (t) is the OFDM signal of the p-th transmitter, p t (t) is the impulse response of the transmit filter, and T s is the sampling interval. The received signal of the q-th antenna is then,
where w q (t) is the noise on the q-th receiver, y qp (t) is the received signal from the p-th transmitter, and it is given as Fig. 3 Received signal model in overloaded MIMO system.
where h qp (t) is the channel response between the p-th transmitter and the q-th receiver with a receive filter and is given as h qp (t) = p t (t) ⊗ x qp (t) ⊗ p r (t) where x qp (t) is the physical channel response between the transmit and receive antennas, p r (t) is the impulse response of the receive filter, and ⊗ means convolution. The received signal is then digitized by using an A/D converter with the sampling interval of T s and it is represented as
After the removal of the GI, the received signal is transformed to a frequency domain through a discrete Fourier transform (DFT) as follows:
Given that a subcarrier index for the l-
given as Eq. (7) where k l is given in Eq. (1) by using the codeword index i and the coded symbol index l, H qp [k l ] is the channel response between the p-th transmitter and the q-th receiver, W q [k l ] is the noise on the k l -th subcarrier, respectively. These are given as
where h qp [n] and w q [n] are given as
Joint Maximum Likelihood Decoding
In the joint ML decoding, the metrics of the i-th codeword for all the combinations of coded symbol sequences are calculated. By using the following expression, signal candidates are selected based on a Euclidean distance between the received signal and a candidate signal aŝ
where {X} is the set of candidate coded symbol sequences,X p is the candidate coded symbol sequence of the p signal stream in a vector form with a size of 1 × L, and
whereX p is the candidate coded symbol in the codeword of the p-th signal stream.
Pairwise Error Probability of Joint ML Decoding
Following the derivation given in [5] , the pairwise error probability of joint ML decoding is calculated as
is the probability that indicates how the metric calculated in Eq. (13) differs from that of the correct codeword. ϵ (d) is the index of an error codeword with the difference of d symbols from the correct codeword. 
where
is the metric between the receive signal and the error symbol sets and Λ i is the metric between the receive signal and the correct symbols. From Eq. (7), they are given as
The difference between the metrics given in Eq. (15) turns to be [5] 
where z lq is the N T × 1 vector that is given as
where ∆ p indicates the components that differ from the correct coded symbols and the coded symbols of the error symbol sets as
The Hermitian matrix
where u ϵ (d) and u are the (N T + 1) × 1 vectors that are given
as
and the (N T + 1) × (N T + 1) covariance matrix
is given in Eq. (26). Given that the ξ-th eigenvalue of
ξ , a pairwise error probability of the joint ML decoding is derived by
Antenna Selection
The pairwise error probability is given from the ratio of the eigenvalues of the covariance matrix calculated from the receive signals. This ratio is small when the difference among the power of the codeword is larger. This implies that antenna selection should be carried out according to the received power of the codeword. In the i-th codeword, when N T antennas are selected from N M transmit antennas, the channel matrix with a size of
and k l is the subcarrier corresponding to the l-th symbol of the i-th codeword in Eq. (1). The antenna selection is carried out asĤ
where || · || 2 means the square of the norm, {Ω i } is the set of channel response matrices between the selected transmit antennas and the received antennas in the subcarriers that transmit the i-th codeword. Thus, the antennas are eliminated based on the averaged power of the channel responses over the codeword length.
Numerical Results
Simulation Conditions
Simulation conditions are shown in Table 1 . Each symbol is modulated with QPSK, 16QAM, or 64QAM. OFDM with the size of 64 subcarriers is used as a multiplexing scheme. The number of data subcarriers is 48 (F=8). An (8 × 6) block interleaver is applied and a repetition code is used as the coding scheme. The length of the GI is set to 16 samples. The number of transmit antennas, N M , is six. The modulation order is selected according to the number of antennas to achieve the same data rate. The number of selected 
antennas for transmission, N T , is six, three, and two for QPSK, 16QAM, and 64QAM symbols unless it is specified. Antenna selection is carried out for every codeword and it is based on the average power of the channel responses as explained in Sect. 2.4. No power control for each transmit antenna is applied since no CSI is available at the transmitter. The performance with antenna selection based on QR decomposition is also included as another antenna selection scheme for MLD [16] . The optimum selection that is based on exhaustive search has been presented in [17] . However, it is hardly implemented in a receiver owing to its complexity. Therefore, since they are implementable to the receiver, the performance curves with the power-based antenna selection and the QR decomposition based antenna selection are compared. Generally the performance of the QR decomposition based antenna selection is worse than that of the power based antenna selection as shown in the following sections (The performance comparison between the optimum antenna selection and the QR decomposition based antenna selection can be found in [16] ). In all the figures, "16QAM-power" and "64QAM-power" mean the performance of 16QAM symbols and 64QAM symbols with the power based antenna selection. "16QAM-QR" and "64QAM-QR" imply the performance of 16QAM symbols and 64QAM symbols with the QR based antenna selection. "QPSK" indicates the performance of QPSK symbols with no antenna selection. The transmit energy per bit is normalized for any number of selected antennas for transmission. E b is the energy per bit in the transmitter when no propagation loss is assumed and N 0 is the noise spectrum density used in the receiver. The effect of antenna selection is then reflected in the value of E b /N 0 . The number of the receive antennas is one. Independent Rayleigh fading and Rician fading with independent fading components among subcarriers are assumed as channel models † . The K factor of the Rician fading is set to 10. † The performance of the overloaded MIMO with the repetition code on independent Rayleigh fading and Indoor Residential-B has been compared in [13] and it has been shown that the similar performance tendencies can be observed if the symbols of a codeword are spread over subcarriers and rich multipath components are available. Ideal channel estimation is assumed in the receiver.
BER on Different Channel Models
BER on Independent Rayleigh Fading
The relation between a bit error rate (BER) and E b /N 0 for a code rate of 1/4 on the independent Rayleigh channel is shown in Fig. 4 . It is clear that the performance of the overloaded MIMO-OFDM is about 2.0 or 5.0 dB better than that of a 16QAM or 64QAM symbol with the power based antenna selection scheme. The cumulative distribution function (CDF) of the average power of the channel responses over the codeword length is presented in Fig. 5 . Since different symbols are transmitted from different antennas, the average power of the channel responses here is the average over all the individual channels between the transmit antennas to the receive antenna. It is normalized with the average power of the channel responses in the overloaded-MIMO system with no antenna selection. Table 2 shows the normalized average power of the channel responses over the codeword length at a CDF of 0.01. When the modulation order is changed, 16QAM requires 2.5 times larger energy per bit than QPSK and 64QAM needs 7.0 times larger energy per bit than QPSK for the same minimum distance of constellation points. However, Table 2 shows that the power with three antennas after selection is about twice than the power with six antennas at a CDF of 0.01. Thus, the minimum distance of the QPSK constellation points in the overloaded MIMO is larger than that of the 16QAM constellation points with three-antenna selection. The difference is larger for the smaller CDF values and this implies that the performance of QPSK with no antenna selection is better than that of 16QAM with three-antenna selection. It is also applicable to the case of 64QAM with two-antenna selection. Table 2 shows that the power of 64QAM with two-antenna selection is about three times larger than that of the QPSK symbol with no antenna selection and it is smaller than 7.0. Therefore, the performance of QPSK with no antenna selection is better than that of 64QAM with two-antenna selection. This implies that the performance of the overloaded MIMO is better than that of the MIMO with antenna selection on the independent Rayleigh fading channel. The effect of feedback delay with the power based antenna selection scheme is evaluated in Fig. 6 . ∆t is the feedback delay and f d is the Doppler frequency. It is clear that the feedback delay actually reduces the BER. This is because the power based scheme is quasi-optimum and the feedback delay causes the more differences among the channel responses of the selected antennas. No feedback delay reduces the differences among the channel responses and the symbols with the opposite phases actually cancel each other if the channel responses corresponding to those symbols are similar. However, the BER reduction owing to the feedback delay is limited and the same tendency of the performance remains with and without the delay. Thus, the following sections assume no feedback delay.
BER on Rician Fading
The relation between the BER and E b /N 0 for a code rate of 1/4 on the Rician channel is shown in Fig. 7 . It is clear that the performance of the overloaded MIMO-OFDM is about 3.0 or 4.5 dB better than that of a 16QAM or 64QAM symbol with the power based antenna selection scheme. The CDF of the average power of the channel responses over the codeword length is presented in Fig. 8 . It is normalized with the average power of the channel responses in the overloaded-MIMO system with no antenna selection. Table 3 shows the normalized average power of the channel responses over the codeword length at a CDF of 0.01. Table 3 shows that the power with three antennas after selection is about 1.5 times larger than the power with six antennas at a CDF of 0.01. Thus, the minimum distance of the QPSK constellation points in the overloaded MIMO is larger than that of the 16QAM constellation points with three-antenna selection. This implies that the performance of QPSK with no antenna selection is better than that of 16QAM with twoantenna selection even on the Rician fading channel. The same tendency can be observed for the case of 64QAM with two-antenna selection. Therefore, the performance of the overloaded MIMO is better than that of the MIMO with antenna selection on the Rician fading channel.
BER for Different Code Rates
The relation between the BER and E b /N 0 for a code rate of 1/2 on the independent Rayleigh channel is shown in Fig. 9 . It is clear that the performance of the overloaded MIMO-OFDM is about 0.5 or 1.0 dB worse than that of a 16QAM or 64QAM symbol with antenna selection schemes. The CDF of the average power of the channel responses over the codeword length is presented in Fig. 10 . It is normal- ized with the average power of the channel responses in the overloaded MIMO-OFDM system with no antenna selection. Table 4 shows the same CDF values as those in Table 2 for a code rate of 1/2. Table 4 shows that the power with three antennas after selection is about 13 times larger than the power with six antennas at a CDF of 0.01. Thus, the minimum distance of the QPSK constellation points in the overloaded MIMO is smaller than that of the 16QAM constellation points with three-antenna selection. This implies that the performance of QPSK with no antenna selection is worse than that of 16QAM with three-antenna selection. It is also true for the case of 64QAM with two-antenna selection as shown in Table 4 . Thus, the performance of QPSK with no antenna selection is worse than that of 64QAM with two-antenna selection. The same tendency can be observed on the Rician fading channel. This leads to the conclusion that the overloaded MIMO system requires a forward error correction code with a larger minimum distance to suppress the BER degradation owing to spatial signal multiplexing as suggested in [5] . The effects of the repetition code and the antenna selection scheme are compared in Fig. 11 . For the same throughput, the performance curve of six transmit antennas with a code rate of 1/4 is compared to that of three antenna selection with a code rate of 1/2. In both cases, QPSK symbols are transmitted. It is shown that the BER is better for the system with the lower code rate. This figure also implies that frequency diversity through the repetition code works more effectively if frequency selectivity of the channel is assumed.
Conclusions
This paper compared the performance of an overloaded MIMO system with and without antenna selection. When the code rate of the overloaded MIMO system is 1/4, the performance of QPSK with six transmit antennas is better than that of 16QAM with three-antenna selection or that of 64QAM with two-antenna selection. This is because the minimum distance of the repetition code is large enough at the stage of the joint ML decoding. The minimum distance between the constellation points of QPSK is also larger than that of higher order modulation which also improves BER performance. It is about 2.0-5.0 dB better than those with the power based antenna selection. The same tendency was also observed in Rician channels. However, the performance of the overloaded MIMO with no antenna selection is worse than those with antenna selection when the code rate is 1/2. This is because of the reduction of the minimum distance of the repetition code. It has also been shown that the BER with lower code rates are better for the same throughput. This implies that the overloaded MIMO-OFDM requires to a forward connection code with a lower code rate to suppress the BER degradation owing to spatial signal multiplexing.
